Grain growth process in nanocrystalline Ni-P alloys was investigated by use of differential scanning calorimetry and x-ray diffraction. Two exothermal peaks which result from grain growth processes of N&P and Ni crystallites, respectively, have been detected upon heating the nanocrystalline samples at constant heating rates. Activation energies for the two processes of grain growth were calculated by means of the relationship of grain growth temperature and heating rate using the Kissinger equation. Average interfacial energies of Ni,P/Ni,P grain boundary and Ni,P/Ni boundary were determined from the heat released during grain growth.
(Received 5 November 1990; accepted for publication 11 February 1991) Grain growth process in nanocrystalline Ni-P alloys was investigated by use of differential scanning calorimetry and x-ray diffraction. Two exothermal peaks which result from grain growth processes of N&P and Ni crystallites, respectively, have been detected upon heating the nanocrystalline samples at constant heating rates. Activation energies for the two processes of grain growth were calculated by means of the relationship of grain growth temperature and heating rate using the Kissinger equation. Average interfacial energies of Ni,P/Ni,P grain boundary and Ni,P/Ni boundary were determined from the heat released during grain growth.
Nanocrystalline materials are a new type of polycrystal with crystallite size in the range of l-50 nm."" Due to the ultrafine grains, these materials are structurally characterized by a high percentage of atoms located in grain boundaries, which makes the material exhibit many novel or improved properties to the normal polycrystal. It was reported that the structure of grain boundaries in nanocrystalline materials are gaslike with neither long-range ordering nor short-range ordering. 3'4 The stability of such a state of grain boundary then is of great importance for both engineering application of nanocrystalline materials and the fundamental scientific interests.
Grain growth is a crucial aspect of the stability of nanocrystalline materials. It is significant to investigate the grain growth of nanometer-sized grains and to get some experimental information on the processes in these 'materials. Additionally, nanocrystalline materials provide an excellent opportunity to measure the absolute value of average grain boundary energy during grain growth by using calorimeters because there is a large fraction of inteifacial volume in the materials. Chen et aL5 have determined the interfacial properties in nanocrystalline mdterials by using differential scanning calorimetry (DSC) techniqtie.
In this communication, de report an attempt of investigation on the grain growth kinetics in nanocrystalline materials, including grain growth temperature, heat energies released, and activation energies for the grain growth. The interfacial energies in nanocrystalline Ni-P alloys were estimated by means of differential scanning calorimetry (DSC).
Nanocrystalline Ni-P alloy samples were prepared by using the crystallization method from amorphous Nis0P20 (at.%) alloy ribbons.6 The heat treatment procedure is annealing the amorphous sample at 325 "C for 10 min and rapidly quenching to room temperature. There are two crystallite phases of the N&P compound and Ni austenite in the nanocrystalline samples. The detailed morphoiogies and structures have been analyzed in Refs. 6 and 7. The average grain sizes are 13 and 9 nm for Ni3P and Ni, respectively, as estimated from the x-ray diffraction spectrum and electron microscopy.
.I
Calorimetric measurement of the grain growth process& was performed in a differential scanning calorimeter (DSC-II, Perkin-Elmer) . The temperature and energy were calibrated by use of pure In and Zn with the accuracy of *0.2 K for temperature and AO.04 mJ for energy measurement. Aluminum sample pans were used and the sample weight is about 50 mg. The measurement data were collected and analyzed automatically by a 3600 Data St& tion (Perkin-Elmer ). X-ray diffraction experiments were carried out in a Rigaku x-ray diffractometer using CuKa radiation.
On heating the nanocrystalline Ni-P alloy sample from room temperature up to 800 K at constant heating rates, two exothermal peaks appear in the DSC curves. Figure 1 shows a typical DSC curve of the nanocrystalline Ni-P alloy at a heating rate of 40 K/min. The onset temperature and peak temperature of the first exothermal peak are TQ1 = 646.3 K and Tpl = 675.7 K, and for the second peak, T,, = 692.4 K And Tp2 = 7 16:4 K. The exothermal energies for the two peaks were obtained by measuring the peak areas, AH, = 0.799 J/g,, and AH2= 1.197 J/g. The peaks were approximately separated by extrapolating the two peaks according to the grain growth kinetics. The shape of the second peak (of Ni growth) was determined by rerunning the sample just after the first peak appeared, namely a sample with grown Ni,P phase.
To understand the origins of the two peaks in the heating procedure, three samples heated to three different temperatures in the DSC experiment (A, B, and C as indicated in the DSC! curve) were used in the x-ray diffraction experiments. Figure 2 shows the x-ray diffraction spectra,~ from which it can be seen that each of the three samples that are two crystalline phases: Ni,P compound (body center tetragonal) and Ni austenite (face center cubic). Differences in the three samples are the grain sizes. Measurements of the half-maximum widths using the Scherrer equation lead to dimensions of Ni3P crystallites from different diffraction lines, as listed in Table I . The grain sizes of Ni austenite were estimated from 200 lines only, since the other lines are too weak to be measured. The results listed in Table I show that during the formation of the first 600 650 700 7% T ( Kl   FIG. 1 . A DSC curve of the nanocrystalline Ni-P alloy at a heating rate of 40 K/min. exothermal peak (from A to B) the N&P grain sizes were increasing significantly, while the Ni grains did not grow, and that during the second exothermal peak, Ni phase crystallites were growing so significantly that the diffraction lines become much more distinct, while the grain sizes of N&P phase were changing only slightly. These results suggest that the first exothermal peak in the DSC curve originated from the grain growth of N&P crystallites and the second peak from Ni austenite grain growth.
Heating the nanocrystalline Ni-P samples at different heating rates: 80, 40, 20, and 10 K/min, respectively, similar two-peak DSC curves are measured but with different onset and peak temperatures for the grain growth, as listed in Table II 
where B is the heating rate, E activation energy for the process, R gas constant, and T a specific temperature such as Tp or T,. By using the values of Tol,Tpl,To2, and Tp2, respectively, a plot of ln( B/T2) vs l/T yields approximate straight lines as shown in Fig. 3 . From the slope of these lines the activation energies are obtained, as shown in Table II. Values of activation energies calculated from ToI and Tpl are close, and so are those from To2 and Tp2. Hence, the average value of activation energy for Ni,P crystallite grain growth is 156.8*4.0 kJ/mol, and for Ni austenite is 182.3k4.2 kJ/mol. The latter value is very close to that of the activation energy for crystal growth during crystallization of amorphous Ni-P alloy, namely growth of crystallites into an amorphous matrix, Eg = 180 f 4.5 kJ/mol. ' High resolution electron microscopy (HREM) observation of the internal structure in the nanocrystalline Ni-P alloys6T7 showed that the N&P phase is in the form of anisotropic-shaped blocks separated either by Ni austenite phases (and/or Ni-rich regions), or by Ni,P/NisP interfaces. Ni austenite phases are in the form of island blocks l/T (10-3, (K-1) FIG. 3. Kissinger plots of ln(B/T*) vs I/T using four sets of specific temperatures as listed in Table II . which are surrounded by the Ni3P phases. The Ni,P/Ni interfaces are actually the total surfaces of every Ni austenite blocks. Assuming the Ni phases are of cube shape with an average size of dB we get the total N&P/Ni interfacial area S,, in the nanocrystalline Ni-P sample with a unit weight:
where D is the density. The factor of l/5 is obtained from the volume ratio of Ni to Ni3P, about 1:4.7 If we take the form of N&P phase as cubic (size dA) too, for simplicity, and assume that half the surface of each Ni3P block is connected to the Ni phase (which can be seen in the HREM images'), then the total Ni,P/NisP (AA type) interface is:
Grain growth leads to the decrease of the two types of interfaCeS. Let the Ni austenite grains grow from d"s to dh, and N&P from d"A to d)4, the deductions of the AB interface and AA interface can be expressed as: (4) The thermal energy released during N&P crystallites growth, AH1, is related to ASA, and AA type interfacial energy YAA as: AHI=ASAAYAA. In the same way,
AH,=ASABYAB (7) in which YAB is the interfacial energy of AB type boundaries.
Using the average values of N&P and Ni grain sizes as listed in Table I , d$ = 13 nm, di = 36 nm, d$ = 9 nm, d& = 17 nm, and D are measured to be 8.16 g/cm3, we get YAA = 0.111 J/m" and 3/AB = 0.155 J/m2. These values of interfacial energies are comparable to small-angle interphase boundaries, e.g., the interfacial energy of small-angle boundary in germanium is about 0.20 J/mZ.to If the N&P phases were considered as tetragonal blocks, the average size of the Ni,P phases in sample (A) was estimated from the x-ray diffraction results to be 10X 10X 15 (nm3), and 24~24x35 (nm3) in sample (C). Then the interfacial energy for the AA type boundary is worked out to be 0.105 J/m2, which is close to the above result.
In order to verify the values of interfacial energy obtained above, DSC measurements were carried out on another nanocrystalline Ni-P sample with initial average grain sizes of 16 nm for N&P and 10 nm for 'Ni. This sample was prepared by annealing the amorphous Ni-P alloy at 340 "C for 3 min followed by rapidly quenching to room temperature. In the DSC run from room temperature to 800 K, two exothermal peaks were observed with heat energies release: AH, =0.544 J/g and AH,=0.855 J/g, respectively. Another set of interfacial energies YAA = 0.107 J/m2 andyA, = 0.146 J/m2, were obtained by using Eqs. (4)- (7) andthevaluesofd,; = 36nmanddk= 17nm. It is clear that these two sets of values of interfacial energies are very close to those obtained earlier, YAA = 0.111 J/m2 and YAB = 0.155 J/m2.
In conclusion, grain growth kinetics in nanocrystalline Ni-P alloy were studied by use of DSC.
( 1) Upon heating the sample at constant heating rates, N&P crystallites grow prior to the Ni austenite phase.
(2) Activation energies for grain growth of the N&P and Ni phases can be calculated by using the Kissinger equation, and the value of the activation energy for N&P grain growth is smaller than that for the Ni phase.
(3) Average interfacial energies in nanocrystalline materials can be measured by calorimetry. In the nanocrystalline Ni-P alloy, interfacial energy of the Ni,P/NisP type grain boundary is 0.111 J/m2 and that of the Ni,P/Ni type boundary is 0.155 J/m2. This work is supported by National Science Foundation of China under Grant No. 59001447.
